Despite the pivotal role of ryanodine in ryanodine receptor (RyR) research, the molecular basis of ryanodine-RyR interaction remains largely undefined. We investigated the role of the proposed transmembrane helix TM10 in ryanodine interaction and channel function. Each amino acid residue within the TM10 sequence, 4844 Interestingly these two groups of mutants, each with similar properties, are largely located on opposite sides of the predicted TM10 helix. Single channel analyses revealed that mutation Q4863A dramatically altered the kinetics and apparent affinity of ryanodine interaction with single RyR2 channels and abolished the effect of ryanodol, an analogue of ryanodine, whereas the single channel conductance of the Q4863A mutant and its responses to caffeine, ATP, and Mg 2؉ were comparable to those of the wild type channels. Furthermore the effect of ryanodine on single Q4863A mutant channels was influenced by the transmembrane holding potential. Together these results suggest that the TM10 sequence and in particular the Q4863 residue constitute an important determinant of ryanodine interaction.
Ryanodine receptors (RyRs) 1 are a family of intracellular Ca 2ϩ release channels located in the sarco(endo)plasmic reticulum of a variety of cells. They play an essential role in various cellular functions including excitation-contraction coupling, fertilization, and apoptosis (1) (2) (3) (4) (5) (6) (7) . Three RyR isoforms, RyR1, RyR2, and RyR3, are expressed in mammalian tissues. Mutations in the RyR1 gene have been linked to two human diseases, malignant hyperthermia and central core disease (8 -10) , while mutations in the RyR2 genes are associated with polymorphic ventricular tachycardia and arrhythmogenic right ventricular cardiomyopathy type 2 (11, 12) . To understand the impact of the disease-causing mutations and hence the molecular and cellular basis of the diseases, detailed knowledge of the structure-function relationships of RyRs is required.
One of the most widely used probes for studying the structure and function of RyRs is ryanodine, a plant alkaloid. The high affinity and specificity of the interaction of ryanodine with RyRs has facilitated the identification, purification, and cloning of the channel (2) (3) (4) (5) . Ryanodine has also been used to investigate the structural changes associated with channel gating and the mechanisms of ion conduction. Large ryanodineinduced conformational changes in the three-dimensional structure of RyR, in particular in the cytoplasmic assembly, have been observed (13) . By monitoring the actions of ryanodine on single RyR channels it has been established that this ligand causes profound alterations in channel function. Interactions of ryanodine with a high affinity site on the channel induce the occurrence of a reduced conductance state with increased open probability, producing an overall effect of channel activation. In the presence of high micromolar to millimolar concentrations of ryanodine the RyR channel closes (5, 14) .
While the functional effects of ryanodine have been well characterized, the structural basis of the action of ryanodine is largely undefined. To identify the determinants of ryanodineRyR interaction within the ryanodine molecule, a large number of ryanodine derivatives (ryanoids) have been generated, and their binding properties have been characterized. The affinity and kinetics of interaction with RyR of different ryanoids were found to vary considerably. Unlike ryanodine, which modifies RyR in an irreversible manner on the time scale of single channel experiments, some ryanoids exhibit a reversible effect on single RyR channel function. These reversible ryanoids have provided useful probes for studying the mechanisms of ryanoidRyR interaction and have been used to demonstrate that ryanoid-RyR interaction is influenced by transmembrane voltage (15) (16) (17) (18) . Comprehensive analyses of the binding properties of various ryanoids have revealed that the pyrrole locus at the 3-position of the ryanodine molecule is absolutely required for high affinity ryanodine binding to RyR. In addition to the pyrrole group, other loci on the ryanodine molecule are also involved in binding to RyR (5) .
The molecular determinants of ryanodine binding in the RyR molecule are, however, much less defined as compared with those in the ryanodine molecule. Biochemical and functional expression studies have localized the ryanodine binding site to the COOH-terminal portion, the pore-forming region, of RyR (19 -21) . Evidence in support of a pore localization of the high affinity ryanodine binding site in RyR comes from recent sitedirected mutagenesis in a motif located in a luminal loop linking transmembrane domains 8 and 10 (TM8 and TM10) (22) , 4820 GVRAGGGIGD 4829 . Mutations in this highly conserved motif abolish or markedly reduce high affinity [ 3 H]ryanodine binding to RyR, suggesting that this region constitutes an essential determinant of ryanodine interaction (23) (24) (25) (26) .
The identified residues are, however, unlikely to be the only determinants of ryanodine interaction with RyR since multiple regions of the ryanodine molecule are involved in ryanodine binding. If ryanodine interacts with residues in the putative selectivity filter of RyR (24) , additional determinants of binding would most probably reside in regions that form the membrane-spanning conduction pore of the RyR channel. Based on the hypothetical model of the RyR conduction pore (14), we have proposed that the putative central cavity of the RyR channel, which is presumably formed, at least in part, by the TM10 segment, contains additional determinants for ryanodine interaction (24) . To test this hypothesis, we have carried out a systematic investigation of the significance of the TM10 segment in ryanodine interaction and RyR channel function. We have mutated each residue in the TM10 sequence and determined the effects of the mutations by monitoring caffeineand ryanodine-induced release of intracellular Ca 2ϩ in HEK293 cells and by measuring binding of [ 3 H]ryanodine to RyR in cell lysates. We have demonstrated that mutations in the TM10 segment can alter the response of RyR to caffeine and/or ryanodine and dramatically reduce the binding of [ 3 H]ryanodine. We have also shown that a single mutation, Q4863A, within TM10 dramatically alters the kinetics and affinity of ryanodine interaction with single RyR2 channels. These observations indicate that the TM10 segment is an essential determinant of ryanodine interaction with RyR2. Part of this work has been presented in abstract form (27) .
EXPERIMENTAL PROCEDURES
Materials-Ryanodine was obtained from Calbiochem. [ 3 H]Ryanodine was from PerkinElmer Life Sciences. Anti-RyR antibody was purchased from Affinity Bioreagents Inc. Brain phosphatidylserine, heart phosphatidylethanolamine, and plant phosphatidylcholine were from Avanti Polar Lipids. CHAPS and other reagents were purchased from Sigma. Ryanodol was synthesized as described earlier (5) .
Site-directed Mutagenesis and DNA Transfection-Single point mutations were introduced into the proposed transmembrane helix TM10 of the mouse cardiac ryanodine receptor (RyR2) by the overlap extension method (28) using PCR. The NruI (14,237 bp)-NotI (vector) fragment containing a mutation in the TM10 segment was removed from the PCR products and was subcloned into the full-length mouse RyR2 cDNA. Each mutation was confirmed by DNA sequencing. The generation of mutations G4824A and G4826C within the proposed poreforming segment of RyR2 has been described earlier (23, 24) . HEK293 cells grown on 100-mm tissue culture dishes in supplemented Dulbecco's modified Eagle's medium for 18 -20 h after subculture were transfected with 12-16 g of wild type (wt) or mutant RyR2 cDNA using the method of Ca 2ϩ phosphate precipitation (29) .
GST-FKBP12.6 Pull-down and Immunoblotting Analyses-Cell lysates from 2 dishes (100 mm in diameter) of transfected HEK293 cells were prepared as described previously (30) and were incubated with glutathione-Sepharose (20 l) that was prewashed with PBS (137 mM NaCl, 8 mM Na 2 HPO 4 , 1.5 mM KH 2 PO 4 , 2.7 mM KCl) and prebound with 40 g of GST-FKBP12.6 at 4°C for 17-19 h. The glutathione-Sepharose beads were washed with ice-cold lysis buffer containing 25 mM Tris, 50 mM Hepes (pH 7.4), 137 mM NaCl, 1% CHAPS, 0.5% plant phosphatidylcholine, 2.5 mM dithiothreitol, and a protease inhibitor mixture (1 mM benzamidine, 2 g/ml leupeptin, 2 g/ml pepstatin A, 2 g/ml aprotinin, and 0.5 mM phenylmethylsulfonyl fluoride) three times, each time for 10 min. The proteins bound to the Sepharose beads were solubilized by the addition of 20 l of 2ϫ Laemmli sample buffer (24) plus 5% ␤-mercaptoethanol and boiled at 100°C for 5 min. The solubilized proteins (20 l) were separated by 6% SDS-PAGE (31) . The SDS-PAGE-resolved proteins were transferred to nitrocellulose membranes at 45 V for 18 -20 h at 4°C in the presence of 0.01% SDS according to Towbin et al. (32) . The nitrocellulose membrane was blocked for 30 min with PBS containing 0.5% Tween 20 and 5% skim milk powder. The blocked membrane was incubated with the anti-RyR antibody and washed three times each time for 15 min with PBS containing 0.5% Tween 20. The membrane was then incubated with the secondary anti-mouse IgG (heavy and light) antibodies conjugated with alkaline phosphatase for 30 -40 min. After washing three times each time for 15 min, the bound antibodies were visualized by the alkaline phosphatasemediated color reaction using nitro blue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate as the substrates.
[ Analysis of Ryanodine Interaction with Single Q4863A Mutant Channels-The interaction of ryanodine with individual Q4863A mutant channels was analyzed as described previously (18) . In brief, durations in the normal and ryanodine-modified states were measured directly from digitized single channel recordings and were used to obtain the corresponding mean dwell times. The apparent rate constants for association (k on ) and dissociation (k off ) of ryanodine interaction were determined from the mean dwell times in the ryanodine-unmodified (t unmod ) and ryanodine-modified (t mod ) states using the equations: k on ϭ t unmod
Ϫ1
and k off ϭ t mod
. The following equations were used to describe the relationship between voltage and the rate constants of association and dissociation:
where k(V) and k(0) are the rate constants at a particular voltage and at 0 mV, respectively, and z is the valence of the reaction. Plots of the natural logarithm of k on and k off versus holding potential should yield a linear relationship with slopes Ϫz on F/RT and z off F/RT and intercepts ln(k on (0)) and ln(k off (0)), respectively. The total voltage dependence of the reaction is z total ϭ z on ϩ z off . The dissociation constant (K d ) was calculated using the equation:
Release Measurements and Single Channel Recordings-The free cytosolic Ca 2ϩ concentration in transfected HEK293 cells was monitored using the fluorescence Ca 2ϩ indicator dye fluo-3-AM as described previously (30) . Recombinant RyR2 wt and mutant proteins were purified from whole cell lysate by sucrose density gradient centrifugation and were used for single channel recordings as described previously (30) .
RESULTS

Construction and Expression of Mutants in the Proposed
Transmembrane Segment TM10 -The proposed transmembrane segment TM10 consists of 24 amino acid residues from Ile 4844 [1] to Ile 4867 [24] (22) (Fig. 1A) . Square brackets indicate the position of residues in TM10 numbered from the NH 2 terminus. To investigate the role of the TM10 segment in ryanodine-RyR interaction, we mutated each amino acid resi-due in the TM10 sequence to alanine or, in the case of residue Ala 4860 , to glycine by site-directed mutagenesis using the overlap extension method. To examine the expression of these mutants, HEK293 cells were transfected transiently with wt or mutant RyR2 cDNA. The expressed wt and mutant RyR2 proteins were pulled down by GST-FKBP12.6 bound to glutathione-Sepharose from transfected HEK293 cell lysate, separated by SDS-PAGE, and immunoblotted with an anti-RyR antibody. As shown in Fig. 1B , all TM10 mutants were expressed in HEK293 cells, and their levels of expression were comparable with that of the wt. No immunoreactivity of the anti-RyR antibody was detected from HEK293 cells transfected with the expression vector DNA, pCDNA3 (data not shown). These results also showed that all TM10 mutants retained the ability to bind FKBP12. 6 .
Effect of Mutations in the TM10 Segment on [ 3 H]Ryanodine Binding-We next examined the impact of the mutations on ryanodine-RyR interaction by measuring [
3 H]ryanodine binding to each TM10 mutant in cell lysates. [ 3 H]Ryanodine binding was carried out in the presence of 200 M Ca 2ϩ and 2.5 mM caffeine, a condition under which the RyR channel is strongly activated and hence is optimal for the detection of binding. As shown in Fig. 2 [18] , I4862A [19] , G4864A [21] , L4865A [22] , and I4867A [24] all had binding capacities in excess of 25% of the wt RyR2. In contrast, mutants F4846A [3] , D4847A [4] , T4849A [6] , F4850A [7] , F4851A [8] , I4855A [12] , V4856A [13] , L4858A [15] , L4859A [16] , Q4863A [20] , and I4866A [23] transients were monitored by measuring the fluo-3 fluorescence intensity before and after the application of extracellular caffeine or ryanodine. As seen in Fig. 3A , a, a transient increase in fluorescence intensity in HEK293 cells expressing wt RyR2 was induced by both caffeine and ryanodine. Cells expressing mutants F4846A [3] , T4849A [6] , I4855A [12] , V4856A [13] , and Q4863A [20] all displayed measurable release of Ca 2ϩ in the presence of either 0.25 and/or 2.5 mM caffeine (Figs. 3A, b-f) , demonstrating that these mutants form caffeine-activated Ca 2ϩ release channels in HEK293 cells. Furthermore ryanodine-induced Ca 2ϩ release was also detected in HEK293 cells expressing the mutants F4846A [3] , T4849A [6] , I4855A [12] , and V4856A [13] (Figs. 3A, b-e) , indicating that these mutant channels remain sensitive to ryanodine modulation in HEK293 cells despite their lack of [ 3 H]ryanodine binding in cell lysates. On the other hand, no measurable caffeine-or ryanodine-induced intracellular Ca 2ϩ release was detected in HEK293 cells expressing mutants D4847A [4] , F4850A [7] , F4851A [8] , L4858A [15] , L4859A [16] , or I4866A [23] (Fig. 3B) . Although proteins were isolated from cell lysate by precipitation using GST-FKBP12.6 as the affinity ligand. The precipitated proteins were separated by SDS-PAGE and immunoblotted using an anti-RyR antibody. Each residue in TM10 was mutated to alanine except for Ala 4860 , which was mutated to glycine. WB, Western blot. (Fig. 3A , f, and Table I ). These data suggest that residue Gln 4863 [20] is likely to play a critical role in ryanodine-RyR interaction.
Effect of the Q4863A[20] Mutation on the Kinetic and Ligand Gating Properties of Ryanodine Interaction with Single RyR2
Channels-The significance of residue Gln 4863 [20] in ryanodineRyR interaction was further investigated by monitoring the effect of ryanodine on single Q4863A [20] mutant channels. We have shown previously that the interaction of ryanodine with single wt RyR2 channels induces a dramatic increase in open probability (P o ) and a reduction in unitary conductance (36) . Once bound, the rate of dissociation of ryanodine from RyR2 wt is so slow that the interaction can be considered as irreversible on the time scale of a single channel experiment. Our inability to detect either [ 3 H]ryanodine binding to the Q4863A [20] mutant channel or ryanodine-induced Ca 2ϩ release in cells expressing this mutant suggests that the mutation has dramatic effects on ryanodine interaction with RyR2. Consistent with this view, we found that the interaction of ryanodine with single Q4863A [20] mutant channels was reversible. Fig. 4A , shows a single Q4863A [20] mutant channel activated by Ca 2ϩ in the absence of ryanodine. Under these conditions we observed current fluctuations between the closed and open states. The addition of ryanodine (20 M) to the cytosolic side of the channel led to the occurrence of short periods of gating in which unitary conductance was reduced and P o increased (Fig. 4B) . Consistent with our previous observation that the probability of ryanoid modification is dependent upon channel P o (16) , raising the level of activating Ca 2ϩ from 0.22 to 0.49 M increased both P o and the occurrence of ryanodine modification (Fig. 4C) . Importantly all observed ryanodine modification of single Q4863A [20] mutant channels was reversible in contrast to the irreversible effect of ryanodine on single RyR2 wt channels. Hence mutation Q4863A [20] dramatically alters the kinetics of ryanodine interaction with RyR2.
The responses of single Q4863A [20] mutant channels to other well characterized ligands were similar to those of the wt RyR2 channels. The single Q4863A [20] mutant channels were activated by Ca 2ϩ , caffeine, and ATP and inhibited by Mg 2ϩ (Fig. 5, a-d) . The relationships between unitary current amplitude and holding potential for unmodified and ryanodinemodified states of the Q4863A [20] mutant channel are shown in Fig. 5e . Values of slope conductance of the unmodified and ryanodine-modified states are 796 Ϯ 5.7 and 448 Ϯ 6.8 pico- 4] 0.6 Ϯ 0.8 Ϫ Ϫ I4848A [5] 59 Ϯ 10 ϩ ϩ T4849A [6] 0.5 Ϯ 0.8 ϩ ϩ F4850A [7] 0.1 Ϯ 0.5 Ϫ Ϫ F4851A [8] 0.1 Ϯ 0.3 Ϫ Ϫ F4852A [9] 84 Ϯ 16 ϩ ϩ F4853A [10] 99 Ϯ 28 ϩ ϩ V4854A [11] 36 Ϯ 1.2 ϩ ϩ I4855A [12] 3.8 Ϯ 1.6 ϩ ϩ V4856A [13] 1.0 Ϯ 0.9 ϩ ϩ I4857A [14] 64 Ϯ 2.4 ϩ ϩ L4858A [15] 2.5 Ϯ 1.6 Ϫ Ϫ L4859A [16] 3.8 Ϯ 1.4 Ϫ Ϫ A4860G [17] 58 Ϯ 3.5 ϩ ϩ I4861A [18] 98 Ϯ 5.7 ϩ ϩ I4862A [19] 61 Ϯ 2.7 ϩ Ϫ Q4863A [20] 0.0 Ϯ 0.0 ϩ Ϫ G4864A [21] 93 Ϯ 4.3 ϩ ϩ L4865A [22] 87 Ϯ 7.1 ϩ ϩ I4866A [23] 5.1 Ϯ 1.8 Ϫ Ϫ I4867A [24] 25 Ϯ 6.7 ϩ Ϫ siemens (n ϭ 3) and are comparable to those of the corresponding states of wt RyR2 channels (23) . While the Q4863A [20] mutation produces a profound alteration in the kinetics of ryanodine interaction it does not seem to cause gross alterations in channel conduction or the modulation of gating by other ligands.
FIG. 3. Effects of caffeine and ryanodine on intracellular Ca
Voltage Influence of Ryanodine Interaction with Single Q4863A [20] Mutant Channels-It has been shown previously that the effects of several reversible ryanoids on single RyR2 channels are dependent on the transmembrane holding potential (15) (16) (17) (18) . However, the question of whether ryanodine action is also dependent on the transmembrane potential cannot be addressed due to the irreversibility of ryanodine action on single wt RyR2 channels. The reversibility of ryanodine modification of single Q4863A [20] mutant channels (Fig. 4) allows us to ascertain the voltage dependence of ryanodine action. To this end, we monitored the single channel activities of the Q4863A [20] mutant in the presence of ryanodine and analyzed the mean dwell times in the ryanodine-modified (t mod ) and ryanodine-unmodified (t unmod ) states at various transmembrane holding potentials. These mean dwell times were then used to determine the rate constants of ryanodine association (k on ) and dissociation (k off ). To minimize the influence of P o on the rate constant of association of ryanodine interaction, single Q4863A [20] channels were activated to near unity by 2-4 M Ca 2ϩ plus 2 mM caffeine followed by addition of 20 M ryanodine. As seen in Fig. 6A , at a transmembrane holding potential of ϩ20 mV, the Q4863A [20] channel fluctuated between periods of normal gating and periods of ryanodine-modified gating, which was characterized by a reduction in unitary conductance. The occurrence and duration of the normal gating events decreased progressively as the transmembrane potential changed from positive to negative values. At Ϫ20 mV, the Q4863A [20] channel mostly resided in the ryanodine-modified state. These observations are indicative of voltage influence on ryanodine modification of single Q4863A [20] channels.
Quantitative analysis of this voltage influence was performed by determining the association and dissociation rate constants, k on and k off , at various transmembrane holding potentials. Fig. 6B shows that the rate constants of association of ryanodine with the Q4863A [20] channel decreased, while the rate constants of dissociation increased as the transmembrane holding potential shifted from negative to positive values. The voltage dependence of k on and k off is 0.615 (z on ) and 0.971 (z off ), respectively, giving a total voltage dependence (z on ϩ z off ) of ryanodine interaction of 1.59 (z total ). Thus, ryanodine interaction with single Q4863A [20] mutant channels is influenced by transmembrane holding potential. It should be noted that the transmembrane holding potentials indicated in Fig. 6 were the potentials applied to the luminal side of the channel, while the cytoplasmic side of the channel was held at virtual ground. Accordingly, at positive potentials, e.g. ϩ20 mV (V lumen Ϫ V cyto ), the direction of single channel currents was from the luminal to the cytoplasmic side of the channel. It should also be noted that the voltage convention used in this study is the opposite of that used in the previous experiments describing the voltage dependence of ryanoid interaction with RyR2 (15) (16) (17) (18) .
The Q4863A [20] Mutation Markedly Increases the Dissociation Rate and Reduces the Affinity of Ryanodine Interaction with RyR2-The reversible interaction between ryanodine and single Q4863A [20] channels also allows us to quantitatively assess the association and dissociation properties of ryanodine interaction. The k on and k off values at 0 mV, extrapolated from the intercepts of the linear regression shown in Fig. 6B (24, (37) (38) (39) . The k on and k off values for ryanodine interaction with single Q4863A [20] mutant channels are 3-20-fold and 3-20 ϫ 10 3 -fold greater than those of ryanodine binding to RyR2 wt, respectively, suggesting that the Q4863A [20] mutation has an effect on both the association and, profoundly, on the dissociation rate of ryanodine interaction with RyR2. Fig. 6C shows that the affinity of ryanodine interaction with the Q4863A [20] odine interaction with single Q4863A [20] mutant channels is ϳ1000-fold lower than that of ryanodine binding to RyR2 wt as determined by [ 3 H]ryanodine binding assay (ϳ2.5 nM) (30) . Hence the Q4863A [20] mutation dramatically decreases the affinity of ryanodine interaction with RyR2 predominantly by increasing the dissociation rate.
Effect of the Q4863A [20] Mutation on Ryanodol Modification of Single RyR2 Channels-To examine whether the Q4863A [20] mutation can also alter the kinetics and affinity of interaction of other ryanoids with RyR2, we tested the effect of ryanodol, an analogue of ryanodine that lacks the pyrrole group at the 3-position, on individual RyR2 wt and Q4863A [20] mutant channels. Fig. 7A shows a single RyR2 wt channel activated by Ca 2ϩ and caffeine. Addition of 10 M ryanodol to the cytosolic solution caused the channel to fluctuate between periods of normal gating and periods of ryanodol-modified gating characterized by a reduction in unitary conductance and a marked increase in P o (Fig. 7B ). These observations are entirely consistent with earlier reports of both the kinetics and functional consequences of interaction of ryanodol with individual sheep RyR2 channels (17) . To maximize the probability of ryanodol interaction with the Q4863A [20] mutant channel, we increased the P o of the channel to near unity by adding both caffeine and ATP. As seen in Fig. 7, C, D , and E, the addition of a very high concentration of ryanodol (100 M) to the Q4863A [20] mutant channel failed to elicit ryanodol-modified conductance states such as those seen with the RyR2 wt channels induced by a 10-fold lower concentration of the ligand at either positive or negative transmembrane holding potentials. Thus, the Q4863A [20] mutation abolishes the effect of ryanodol on single RyR2 channels. DISCUSSION We have previously proposed that the putative pore-forming region of the RyR channel encompassing TM8, TM10, and the luminal loop linking these two transmembrane helices shares a basic common architecture with the established pore structure of the bacterial potassium channel KcsA (14) . In this proposed structure of the RyR pore TM10 would be equivalent to the inner helix of KcsA, and the TM10 helices of each monomer would line a water-filled cavity at the cytosolic entrance of the tetrameric pore. However, until now the significance of the TM10 segment in channel function and ryanodine-RyR interaction has not been investigated. In the current study, we have determined the impact of mutations in the TM10 segment on various aspects of RyR2 function. Our results provide the first evidence that the TM10 segment constitutes an important determinant of ryanodine interaction and channel function.
Based on their response to caffeine and ryanodine and their ability to bind [ 3 H]ryanodine, the TM10 mutants can be grouped into four classes. The first of these consists of I4844A [1] , I4845A [2] , I4848A [5] , F4852A [9] , F4853A [10] , V4854A [11] , I4857A [14] , A4860G [17] , I4861A [18] , I4862A [19] , G4864A [21] , L4865A [22] , and I4867A [24] . These mutants exhibited considerable levels of [ 3 H]ryanodine binding and responded to caffeine. D4847A [4] , F4850A [7] , F4851A [8] , L4858A [15] , L4859A [16] , and I4866A [23] belong to the second class of TM10 mutants, which displayed low levels of [ 3 H]ryanodine binding and little or no response to caffeine or ryanodine. The severely limited [
3 H]ryanodine binding seen with this class of mutants is likely to reflect a mutation-mediated alteration in channel activation.
A third class of mutants includes F4846A [3] , T4849A [6] , I4855A [12] , and V4856A [13] . These mutant channels bound little or no [ 3 H]ryanodine but retained caffeine-or ryanodineinduced Ca 2ϩ release. Since these mutants can form ligandactivated Ca 2ϩ release channels in intact cells, the lack of [ 3 H]ryanodine binding to these mutants in cell lysates is unlikely to be due to the inaccessibility of the ryanodine binding site. Our observation that ryanodine can elicit some release of stored intracellular Ca 2ϩ in cells expressing these mutant channels implies that under these conditions ryanodine can open these channels to some degree. Thus, the loss of [ 3 H]ryanodine binding in the lysate may indicate that the ryanodineRyR complex lacks sufficient stability to survive a filter assay of [ 3 H]ryanodine binding (which requires slow dissociation rates). The elucidation of the mechanism governing such changes will require a much more detailed investigation.
The Q4863A [20] mutant is the sole example of the fourth class of TM10 mutants. This mutant, while maintaining ligand-activated Ca 2ϩ release channel function, did not bind [ 3 H]ryanodine at concentrations ranging from 5 nM (Fig. 2 and Table I ) to 10 M (data not shown) and displayed little ryanodine-induced Ca 2ϩ release, implying that this mutation has significant consequences for ryanodine interaction. Consistent with this view, mutation Q4863A [20] profoundly altered the kinetics and affinity of ryanodine interaction with single RyR2 channels. The interaction of ryanodine with single Q4863A [20] mutant channels is reversible. The apparent affinity of the interaction of ryanodine with the Q4863A [20] mutant channel is ϳ1000-fold lower than that of ryanodine with the RyR2 wt channel. However, the unitary conductance of the Q4863A [20] mutant channel and its response to other modulators of gating, such as caffeine, ATP, and Mg 2ϩ , were comparable to those of single RyR2 wt channels. Furthermore mutation Q4863A [20] abolished the effect of ryanodol on single RyR2 channels. These observations clearly indicate that residue Gln 4863 constitutes an essential determinant of ryanoid-RyR interaction. The lack of measurable [ 3 H]ryanodine binding and ryanodine-induced Ca 2ϩ release seen with this mutant is likely due to the profoundly altered kinetics and markedly reduced affinity of ryanodine interaction.
It is clear from the results of our current study that mutations within the TM10 region of RyR2 can have very significant effects on channel function and ryanodine interaction. The molecular mechanisms by which mutations in TM10 impair ryanodine binding and channel activation are not clear. The different severities of the mutations are likely to be related to their locations in the structure of the TM10 sequence, which is unknown at present. In an attempt to delineate the structural basis for the varying impact of the mutations we have modeled the TM10 segment as an ␣-helical structure. It is apparent from the model that most of the class 2 mutations, which we have concluded result in profound alterations in channel activation, including D4847A [4] , F4851A [8] , L4858A [15] , L4859A [16] , and I4866A [23] but not F4850A [7] , are located on one side of the helix (Fig. 8) . On the other hand, most of the class 3 and 4 mutations, which yield functional channels but reduce high affinity ryanodine interactions, including F4846A [3] , T4849A [6] , V4856A [13] , and Q4863A [20] but not I4855A [12] , are located on the opposite side of the helix (Fig. 8) . The clustering of mutants with similar properties suggests that the TM10 helix may contain distinct areas critical for channel activation and ryanodine interaction, respectively.
The results of our present study also indicate that the effect of ryanodine, like the effect of other reversible ryanoids, on single RyR2 channel function is influenced by the transmembrane holding potential. The rate constants of both ryanodine association with and dissociation from single Q4863A [20] channels varied with transmembrane potential. Our previous investigations of the voltage dependence of interaction of ryanoids with different formal charges demonstrated that the voltage dependence of ryanoid-RyR interaction predominantly results from a potential-driven alteration in receptor affinity probably as a consequence of changes in the RyR conformation rather than from the movement of a charged or polarized ryanoid molecule into the voltage drop across the RyR channel pore (18) . The molecular determinants for this potential-driven change in receptor conformation and affinity are, however, unknown. Our finding that the Q4863A [20] mutant retains the voltage dependence of ryanoid interaction suggests that residue Gln 4863 , although critical for ryanodine binding, is unlikely to be involved in potential-driven conformational changes. Systematic mutagenesis studies of the pore-forming region of RyR would be required to define the structural basis of this interesting, potential-driven process.
Competitive binding analyses of a number of ryanoids have established that, while the pyrrole group at the 3-position plays a major role, multiple structural loci on the ryanodine molecule contribute to high affinity interactions with RyR. Correspondingly, multiple structural components in the RyR molecule would be expected to be involved in high affinity ryanodine binding. In support of this view, we have shown that mutations in the RyR2 motif equivalent to the K ϩ channel selectivity sequence yield functional channels but abolish high affinity [ 3 H]ryanodine binding (24) . This suggests that the putative selectivity sequence within the pore-forming region of RyR2 constitutes an essential determinant of ryanodine binding (24) . The results of the present study indicate that the TM10 segment constitutes another crucial determinant of ryanodine interaction. It is unclear, however, how the determinants on the RyR2 and ryanodine molecules interact with each other. Our finding that the Q4863A [20] mutation abolishes the effect of ryanodol on RyR2 channels would suggest that residue Gln 4863 or TM10 is a major determinant involved in the interaction with loci other than the pyrrole group on the ryanodine molecule as ryanodol has no pyrrole group. Further investigation of the effects of mutations in the TM10 and selectivity filterforming segments of RyR2 on modification of channel function by various ryanoids of defined structure will be necessary to fully appreciate the structures and mechanisms involved in the specific interactions between ryanodine and RyR. 
